Cardamonin has been demonstrated to have an inhibitory effect in many cancers, but its underlying mechanism remains elusive. Here, we studied, for the first time, the mechanism of cardamonin-induced nasopharyngeal carcinoma cell death both in vitro and in vivo. In our study, we showed that cardamonin inhibited cancer cell growth by inducing G2/M phase cell cycle arrest and apoptosis via accumulation of ROS. NF-κB activation was involved in breaking cellular redox homeostasis. Therefore, our results provided new insight into the mechanism of the antitumor effect of cardamonin, supporting cardamonin as a prospective therapeutic drug in nasopharyngeal carcinoma by modulating intracellular redox balance.
Nasopharyngeal carcinoma (NPC) is a carcinoma that occurs in the epithelial lining of the nasopharynx. NPC is an uncommon disease in most countries, whereas it has a high incidence in southern China, northern Africa, and Alaska. 1, 2 Despite significant progress in diagnostics and therapeutics, many patients still succumb to the disease because of metastasis and resistance to chemotherapies, especially for patients in advanced stages. [3] [4] [5] Thus, there is clearly an urgent need to develop effective drugs to treat NPC.
Reactive oxygen species (ROS), products of normal cellular metabolism, play a dual role in living systems. 6 At low/ moderate concentrations, ROS play a beneficial role, whereas excessive amounts of ROS damage cellular lipids, proteins, and DNA. Elevated levels of ROS have been observed in many types of cancer cells. Increased ROS stress in cancer cells correlates with the aggressiveness of tumors and a poor prognosis. 7, 8 Therefore, cancer cells are more vulnerable to further oxidative insults induced by ROS-generating agents. Thus, it might be possible to preferentially eliminate cancer cells by pharmacological ROS insults without causing significant toxicity to normal cells.
Cardamonin, a chalcone extracted from cardamom spice, exists in many other plant species. 9 Cardamonin has been reported to have anti-inflammatory and anti-tumor activities. [10] [11] [12] [13] [14] Previously, we and others have shown that cardamonin is effective in many types of cancers. [15] [16] [17] [18] [19] Several studies have demonstrated that cardamonin induced accumulation of ROS in colorectal cancer cells. 16 Although previous studies suggest that ROS contribute to cardamonininduced cancer cell death, the exact mechanism remains unexplored.
In the present study, we demonstrated for the first time that cardamonin is effective against NPC cells in vivo and in vitro. Mechanistically, we showed that apoptosis and G2/M phase arrest are involved in the effect of cardamonin in NPC cells. Furthermore, our data revealed that cardamonin inhibits activation of the NF-κB pathway, which in turn triggers ROS accumulation to activate JNK mitogen-activated protein kinase (MAPK). Eliminating ROS partially reversed the apoptosis and G2/M phase arrest induced by cardamonin. Taken together, our findings validate cardamonin as a potential anti-cancer agent and provide evidence of ROS accumulation as an underlying mechanism.
Results
Cardamonin inhibits viability of NPC cells. Viability of NPC cells was assessed using a CCK-8 assay after treatment with different concentrations of cardamonin for 24 h. These results demonstrated that cardamonin decreased viability of NPC cells in a concentrationdependent manner. The IC 50 values were estimated to be 16.22 μM (CNE-1), 14.34 μM (CNE-2), 16.50 μM (HONE-1), and 68.12 μM (SUNE-1) as shown in Figure 1a . Treatment with cardamonin at 10 μM for 24, 48 and 72 h resulted in an increasing inhibition of viability (Figure 1b) . The inhibitory effect of cardamonin on CNE-2 cells was confirmed with a colony formation assay. Our data indicate that cardamonin decreased the formation of CNE-2 cell colonies in a Figure 1 Cardamonin inhibits proliferation and division of NPC cells. (a) CNE-1, CNE-2, HONE-1 and SUNE-1 cells were treated with different concentrations of cardamonin or 0.1% DMSO for 24 h. Cellular viability was measured with a CCK-8 assay, **Po0.01, n = 3. (b) NPC cells were treated with 10 μM cardamonin or 0.1% DMSO, absorbance was measured after 24, 48 and 72 h of treatment. (c) CNE-2 cells were cultured for 7 days after treatment with varying concentration of cardamonin, and stained with 0.1% crystal violet. Colonies containing 450 cells were counted, **Po0.01, n = 3. (d) CFSE labeled cells were measured using flow cytometry after treatment with cardamonin. **Po0.01, n = 3 concentration-dependent manner ( Figure 1c ). As carboxyfluorescein diacetate succinimidyl ester (CFSE) fluorescence intensity reduced by one half at each cell division, the proliferation of CFSE-labeled cells can be monitored through fluorescence intensity. 20 A rapid decrease of fluorescence intensity was observed in CFSE-labeled CNE-2 cells after 24 h (Figure 1d ), demonstrating rapid proliferation of CNE-2 cells, while fluorescence intensity of CNE-2 cells treated with cardamonin stayed at high level.
Cardamonin induces apoptosis in CNE-2 cells. To further determine the mechanism of cell death of CNE-2 cells induced by cardamonin, the method of Annexin V-FITC/PI double staining was used. Treatment with cardamonin for 24 h resulted in increased numbers of apoptotic cells (Figure 2a ). Cardamonin at 15 μM increased apoptotic cells in a time-dependent manner ( Figure 2b ). Consistently, PARP and caspase 8 cleavage were activated by cardamonin in a concentration-dependent manner (Figure 2c ). Noticeably, the expression level of the proapoptotic effector protein Bax and Bid was also markedly increased after treatment with cardamonin in CNE-2 cells.
Cardamonin induces G2/M phase arrest in CNE-2 cells. To investigate the mechanism of antiproliferative effects, a cell cycle detection kit was used to evaluate the effect of cardamonin on the cell cycle distribution. As shown in Figure 2d , cardamonin treatment significantly increased the percentage of cells in the G2/M phase in CNE-2 cells. We next focused on the mechanism by which cardamonin induced G2/M phase arrest in CNE-2 cells. P21 and p53 are very important to sustain the G2/M phase after DNA damage. 21 Given that cardamonin treatment induced G2/M phase arrest, we evaluated the effect of cardamonin on expression of p21 and p53. Figure 2e showed that treatment with cardamonin resulted in a concentration-dependent increase in the expression of p21 and p53. Cyclin D1 was markedly reduced, suggesting that cardamonin induced G2/ M arrest through regulation of p21, p53 and Cyclin D1. Cardamonin induces growth inhibition in a ROS-dependent manner. Accumulation of ROS has been implicated in many aspects in control of cellular proliferation and apoptosis. 22 We therefore assessed ROS accumulation after cardamonin treatment using the fluorescent probe DCFH-DA. Treatment with cardamonin induced accumulation of ROS in CNE-1, CNE-2, HONE-1 and SUNE-1 cells (Figure 3a) . Similar results were observed in CNE-2 cells using other ROS-sensitive dyes, DHE, CellRox and MitoSOX (Figure 3b ).
To determine whether the accumulation of ROS is critical for growth inhibition induced by cardamonin, cellular viability was examined in the presence or absence of ROS scavenger NAC with cardamonin treatment. In the absence of NAC, treatment with cardamonin showed ROS accumulation and growth inhibition in CNE-2 cells. As expected, ROS accumulation induced by cardamonin decreased in the presence of NAC. This reduction in ROS accumulation corresponded to a decrease in cell inviability induced by cardamonin (Figures 3c and d) . These results suggested that ROS play an important role in the action of cardamonin.
Cardamonin-induced apoptosis is mediated through the induction of PARP cleavage. We next tested the effect of cardamonin on apoptosis in CNE-2 cells in the presence of NAC. Figure 3e showed that cardamonin-induced apoptosis was effectively decreased by NAC. In addition, the expression of Bax, Bid and cleavage of PARP induced by cardamonin was attenuated upon exposure of NAC ( Figure 3f ). These data show that cardamonin exerted its effect in CNE-2 cells by accumulating ROS, which then contribute to cleavage of PARP and apoptosis.
Cardamonin-induced G2/M phase arrest is mediated through the regulation of cell-cycle-related proteins. To confirm the role of ROS on cardamonin-induced G2/M phase arrest, cell cycles were examined with and without NAC. As shown in Figure 3g , treatment with NAC resulted in a significant decrease of G2/M phase arrest induced by cardamonin in CNE-2 cells. Consistently, the changes in expression of Cyclin D1 and p21 induced by cardamonin were reversed in the presence of NAC (Figure 3h ). Overall, our results suggest that increased expression of Cyclin D1 and p21 induced by ROS participated in cardamonin-induced G2/M phase arrest.
Cardamonin induces JNK MAPK activation. Previous reports have established that ROS trigger MAPK and subsequent cell death. 23, 24 To gain further insight into the molecular mechanism of cardamonin induced inviability, we investigated the expression and phosphorylation of JNK, p42/44 and p38 MAPK in CNE-2 cells. Here, significant increases of phosphorylation in JNK, p42/44 and p38 MAPK were noticed while there seemed to be no obvious change in total JNK, p42/44 and p38 MAPK after treatment with cardamonin ( Figure 3i ). To confirm the regulatory role of MAPK in cardamonin-induced inviability, CNE-2 cells were treated with JNK, p42/44 and p38 inhibitor. Treatment with JNK inhibitor (SP600125) and p42/44 inhibitor (U0126) partially reversed the inhibitory effect of cardamonin. In contrast, the p38 inhibitor (SB203580) had no significant effect on the viability of CNE-2 cells (Figure 3g ). Taken together, the above results indicate that activation of JNK was involved in the effects of cardamonin.
Cardamonin-induced accumulation of ROS is mediated through inhibition of the NF-κB pathway. There are many proteins participating in the regulation of ROS, such as G6PD, GCLM, COX2, SOD1, SOD2, GSTM1, GSTM2, GSTM3, GSTM4 and GSTM5. To further investigate the underlying mechanism involved in the regulation of ROS, these genes were examined using real-time RT-PCR. We observed significantly decreased expression of GCLM, SOD2, GSTM1, GSTM2, GSTM3 and GSTM4 following treatment with cardamonin. Expression of SOD1 was not affected by cardamonin. Interestingly, all these genes involved are target genes of NF-κB and Nrf2. At the same time, previous data from our laboratory showed that NF-κB and Nrf2 participated in the function of cardamonin. Consequently, we investigated whether there was a link between ROS-accumulating activity of cardamonin and NF-κB and Nrf2 pathway. Significant increase of nuclear Nrf2 was observed in CNE-2 cells following treatment with cardamonin for 12 h, which was not consistent with downregulation of GCLM, SOD2 and GSTMs. We suspected that NF-κB plays an important role in regulation of ROS.
First, we tested whether inhibition of the NF-κB pathway also occurred in CNE-2 cells. NF-κB p65, a major subunit of NF-κB, is phosphorylated and translocates to the nucleus upon activation.
25 P65 exerts its function as a transcription factor via binding to specific DNA sequences and promoting the transcription of target genes. Therefore, activation of the NF-κB pathway was monitored by measuring the localization and phosphorylation of p65 (Figure 4b ). Significant reduction of nuclear p65 protein was observed in CNE-2 cells following treatment with cardamonin for 12 h (Figure 4c ). Consistently, phosphorylation of p65 was inhibited in a time-and concentration-dependent manner. In addition, treatment with cardamonin showed a significant decline in the phosphorylation of IκBα and expression of IKKα and IKKβ as early as 6 h. These results demonstrated that cardamonin inhibited activity of the NF-κB pathway. IKKα and IKKβ and phosphorylation of IκBα were involved in the process (Figure 4b) .
Next, we attempted to identify the role of the NF-κB pathway in accumulation of ROS. Figure 4d shows that inhibition of the NF-κB pathway was accompanied by increased ROS accumulation as indicated. Intracellular ROS levels were measured Cardamonin inhibits tumor growth in vivo without serious side effects. We carried out the in vivo studies in nude mice xenografted with CNE-2 cells. Xenografts were administrated solvent, cardamonin and cisplatin intraperitoneally. Here, we found that both cardamonin and cisplatin After treatment with NF-κB inhibitors in the present of cardamonin, intracellular ROS levels were measured using DCFH-DA and DHE, **Po0.01, n = 3. (e) CNE-2 cells were treated with 20 μM cardamonin with or without TNF-α cell viability was measured. **Po0.01, n = 3. (f) After treatment with NF-κB activator TNF-α in the presence of cardamonin, intracellular ROS levels were measured using DCFH-DA and DHE **Po0.01, n = 3 exhibited a significant growth-inhibiting effect in vivo (Figures 5a and b) . While there was no significant difference in tumor volume and weight between the two groups. The tumor growth inhibition ratio of cardamonin and cisplatin was 58.89% and 62.12%, respectively (Figure 5c ). Cisplatin caused dramatic loss in body weight and impaired renal function (Figures 5e and f) . In contrast, cardamonin did not cause any weight changes or adversely affect hepatic or renal functions.
Discussion
In this study, we demonstrated that cardamonin possesses anti-cancer ability in NPC models (in vitro and in vivo). Mechanistically, our data showed that cardamonin triggers apoptosis and a G2/M phase arrest to mediate cell death via accumulation of ROS. Furthermore, we demonstrated that cardamonin induces ROS accumulation in NPC cells by decreasing NF-κB transcriptional activity, resulted in decreasing expression of anti-oxidative genes. To our knowledge, this is the first report demonstrating that cardamonin can induce G2/M phase arrest and apoptosis through accumulation of ROS.
It has been reported that cardamonin is effective against multiple kinds of cancers including lung cancer, multiple myeloma, glioblastoma and colorectal carcinoma. 15, 16, 18, 26, 27 IC 50 values for 24 h were estimated to be 15-50 μM. Treatment with cardamonin analog dimethyl cardamonin for 24 h and cell proliferation of HCT116 and LOVO cells were inhibited by about 40 and 37% at a dose of 40 μM. 28 Whether cardamonin is effective against NPC cells was a question. In our studies, cardamonin was very effective in inhibiting proliferation of CNE-1, CNE-2 and HONE-1 cells (with IC 50 values about 15 μM: Figure 1a) , while SUNE-1 cells were not sensitive to cardamonin treatment. This suggested that cardamonin inhibits NPC cells selectively. In in vivo studies, cardamonin at 5 mg/kg caused a significant decrease in tumor mass and a 58.89% growth delay of the tumor. Niu's study showed that lung tumor growth was inhibited by cardamonin in C57BL/6 mice. The tumor growth inhibition ratios were 84.3% (10.5 mg/ This further demonstrated that cardamonin suppresses NPC cells.
Previously, apoptosis was believed to be the crucial factor in inducing cell death by cardamonin. Our previous study showed that cardamonin treatment rapidly and efficiently activates apoptosis in multiple myeloma cells. 15 This process is dependent on the activation of caspase 3 and PARP. In our current study, cardamonin induced apoptosis in CNE-2 cells as evidenced by a time-and concentration-dependent increase in Annexin V staining. Caspase 8 and PARP activation corresponded with activation of apoptosis during cardamonin treatment in CNE-2 cells. In accordance with our study, cardamonin induced apoptosis and activation of Caspase 9 and Caspase 3 in human breast cancer MDA-MB-231. 29 Apoptosis was also observed in glioblastoma, 27 colorectal carcinoma 16 and prostate cancer, 30 with downregulation of cell survival proteins (cIAP-1, cFLIP, XIAP and Bcl-2), and upregulation of pro-apoptotic proteins (Bid and bax). However, only a slight increase in apoptosis was seen after exposure to cardamonin for 24 h, suggesting that another mechanism of cell death was functional with short time exposure to cardamonin.
Loss of checkpoint controls that regulate normal passage through the cell cycle is believed to be involved in cancer progression. 31 Cell cycle arrest participates in the anti-cancer process of many drugs, such as curcumin, 32 Wentilactone A 33 and celastrol. 23 Targeting the cell cycle is a new approach to cancer therapy. 34 Cardamonin-induced G2/M arrest has been seen in other cancer cells such as colorectal carcinoma 16, 28 and breast cancer cells. 35 Thus, we suspected that cell cycle arrest plays a pivotal role in the inhibitory effect of cardamonin in CNE-2 cells. The present study confirmed that cardamonin treatment for 24 h triggered significant G2/M phase arrest in CNE-2 cells. The cell cycle is a series of events tightly integrated and regulated by Cylin/CDK complexes. 36 The Cdc2/Cyclin B1 complex has been implicated to be involved in G2/M delay under oxidative stress. 21, 37 Through inhibiting dephosphorylation of inhibitory sites on Cdc25C, Chk1 alters Cdc2/Cyclin B1 activity upon stress. 38 Previous studies of colorectal cancer showed that cardamonin induces phosphorylation of Chk1 and decreases expression of Cyclin B1 and Cdc2, suggesting that the Chk1/Cyclin B1/Cdc2 pathway is involved in cardamonin-induced G2/M phase arrest. 16, 28 The detailed mechanism studies showed that cardamonin caused an increase of p21 and decrease of Cyclin D1 (Figure 2g) . Cyclin D1 is a key regulator of the G1 phase. Cyclin D1 deficiency results in cell cycle arrest. 39 Cyclin D1 decreased readily subsequent to genomic stress in fibroblasts and endothelial cells. 40 Intriguingly, a Cyclin D1 decrease is accompanied by G2/M arrest in response to ROS. A subsequent study shows that Chk1 plays a key role in this process. 41, 42 Cyclins and CDKs are further regulated by the Cip/Kip protein family (p21, p27 and p57) and Ink4 protein family (p15, p16, p18 and p19). 31 As an inhibitor of CDKs, induced expression of p21 is essential to sustain the G2 arrest after DNA damage in human cells. 21 P21 suppresses Cyclin B1/Cdc2 activity by binding with Cdc2 directly, thus inhibiting the G2/M transition. 43 Our data suggested that the G2/M arrest induced by cardamonin likely result from a synergistic mechanism involving the activation of p21 and suppression of Cyclin D1 expression.
Accumulating evidence suggests that many types of cancer cells exhibit increased levels of ROS. ROS production has long been proved to be associated with apoptosis and G2/M arrest caused by anticancer agents. 6, 8 ROS accumulation is observed in colorectal cancer cells after treatment of cardamonin. 16 Our present study found that cardamonin increases oxidative stress in NPC cells. Accordingly, apoptosis and G2/M phase arrest corresponded with accumulation of ROS in NPC cells, suggesting its importance in the anti-cancer activity of cardamonin. What is more, cellular viability, apoptosis and G2/M phase arrest were attenuated by NAC, further pointing out that ROS play a piovital role in cardamoninmediated cell inviability. The MAPKs, p38 and JNKs, have been implicated in apoptotic signaling in response to increased generation of ROS. 24 Consistent with these findings, the JNK pathway was demonstrated to be involved in cardamonin-induced inhibition of proliferation in colon nasopharyngeal cells, further establishing ROS as the target of cardamonin in CNE-2 cells.
The NF-κB pathway is closely related with ROS. On the one hand, accumulation of ROS triggers activation of the NF-κB pathway. On the other hand, activation of the NF-κB pathway modulates the generation and elimination of ROS. 44 A pivotal effector of antioxidant is ferritin heavy chain (FHC), the downstream gene of NF-κB. FHC and the light chain form the Ferritin complex, the primary iron storage mechanism in cells. The antioxidant activity of FHC depends on sequestration of free iron, which is a transition metal that catalyzes the formation of ROS in mitochondria and through the Fenton reaction, resulting in the production of highly reactive hydroxyl (•OH) radicals. 45 Another factor that has been proposed to play an important role as effector of the ROS-inhibiting and cytoprotective actions of NF-κB is SOD2. 46 Apart from FHC and SOD2, there are some other proteins downstream of NF-κB. In the present study, ROS-related gene SOD2, GCLM and GSTMs were decreased with cardamonin treatment. Our previous study in multiple myeloma showed that cardamonin inhibited activation of the NF-κB pathway. Inhibition of the NF-κB pathway was confirmed in CNE-2 cells in the present study. We suspected that NF-κB pathway is indispensable to accumulation of ROS induced by cardamonin. Activation of the NF-κB pathway by TNF-α partially reversed accumulation of ROS induced by cardamonin, further confirming the modulating effect of the NF-κB pathway on redox balance.
In this study, our novel discovery demonstrate that cardamonin is a potent agent in inducing G2/M arrest and apoptosis in human NPC cells through a NF-κB-and ROS-dependent pathway ( Figure 6 ). This will pave the way for further development of the clinical application of this compound in treating NPC. Cell culture and drug treatment. Human NPC cell lines CNE-1, CNE-2, HONE-1 and SUNE-1 were a generous gift from Prof. Yixin Zeng (Sun Yat-sen University, Guangzhou, China). CNE-1 and CNE-2 cells were cultured in RPMI 1640 medium with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin in a humidified incubator at 37°C with 5% CO 2 . HONE-1 and SUNE-1 cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% FBS at the same condition.
Cell viability assay. Cellular viability was measured with a CCK-8 assay. Cells were seeded in 96-well plates with a density of 5000 cells/well in 100 μl of medium for 24 h. After treatment for a period of time, 10 μl of CCK-8 solution was added and incubated for 2 h, and then absorbance was measured at 410 nm with a microplate reader.
Apoptosis assay. Apoptosis was detected using an Annexin V-FITC/PI double staining apoptosis detection kit (Nanjing Jiancheng Bioengineering Institute, Jiangsu Province, China). Cells were plated in 24-well plates at a density of 5 × 10 4 cells/well in 1 ml medium. Cells were collected and washed twice with PBS. Cells were suspended in Annexin-binding buffer and incubated at room temperature for 15 min in the dark with 5 μl Annexin V-FITC and 1 μl PI. FITC fluorescence was analyzed by flow cytometry.
Cell cycle assay. The cell cycle was analyzed using a cell cycle detection kit following the manufacturer's protocols (Nanjing Jiancheng Bioengineering Institute). Cells were plated in six-well plates at a density of 10 5 cells/well in 2 ml medium. Cells were collected and fixed in 70% ethanol at − 20°C overnight. After centrifugation at 400 × g for 5 min, cells were suspended in 100 μl RNase solution and incubated at 37°C for 30 min. Then 400 μl PI solution was added and incubated for another 30 min at 4°C. The cell cycle was analyzed using flow cytometry.
Measurement of ROS. The ROS generation was measured using an oxidation sensitive fluorescent probe (DCFH-DA) according to the manufacturer's protocols (Beyotime Biotechnology). Cells were stained with a 10 μM DCFH-DA probe at 37°C for 20 min. Cells were washed three times with PBS and the induction of ROS was examined by flow cytometry. Similar procedure was performed using MitoSOX, CellRox (Thermo Fisher, Waltham, MA, USA) and DHE (Beyotime Biotechnology).
Real-time RT-PCR. Cells were plated in six-well plates at a density of 10 5 cells/well in 2 ml medium. Total RNA was extracted from cells using TRIzol reagent (Invitrogen Life Technologies, Carlsbad, Canada) and was reverse transcribed using transcription reagents (Toyobo, Osaka, Japan). The relative quantification of mRNA levels was performed with SYBR-Green Master Mix (Toyobo) using an ABI-7300 real-time PCR system (Applied Biosystems, Carlsbad, USA). The expression of each gene was normalized to the expression of GAPDH. Primer sequences are listed in Table 1 .
Western blotting. Cells were collected and lysed on ice for 30 min in NP40 with protease inhibitor cocktail (Sigma). The protein concentration was measured with a BCA assay kit (Goodbio, Wuhan, China). Protein samples (30-50 μg) were separated by SDS-PAGE (6-12%) and electro-transferred onto a PVDF membrane. The membrane was blocked with 5% BSA and incubated with specific primary antibodies at 4°C overnight. Proteins of interest were detected with appropriate horseradish peroxidase-conjugated secondary antibodies and developed using an ECL kit (Thermo Scientific, Rockford, IL, USA). The protein levels were normalized by β-actin.
Animal studies. BALB/c nude mice (5 weeks old, 16-18 g) were obtained from Rital River Laboratories (Beijing, China). All experiments were carried out according to the National Institutes of Health Guide for Care and Use of Laboratory Animals. PBS (50 μl) containing 10 6 cells was injected subcutaneously into the axilla of the right forelimbs of nude mice. Three days after injection, the mice were randomized into three groups: control group (solvent), cisplatin group (2 mg/kg, every other day), and cardamonin group (5 mg/kg, everyday). In this experiment, cardamonin was dissolved in solvent, which consisted of 18% ethanol, 10% Tween-80 and 72% distilled water. Five mice were set up for each group. Tumor volume was measured every other day and was calculated as (length × width 2 )/2 for 13 days. Then the mice were killed and the tumor was isolated.
Statistical analysis. Data were expressed as the mean ± S.D. Significant differences between the two groups were analyzed by Student's t-test.
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